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Abstract
The possibility of an emergent universe solution to Einstein’s field equations allowing
for an irreversible creation of matter at the expense of the gravitational field is
shown. With the universe being chosen as spatially flat FRW spacetime together
with equation of state proposed in [17], the solution exists when the ratio of the
phenomenological matter creation rate to the number density times the Hubble
parameter is a number β of the order of unity and independent of time. The
thermodynamic behaviour is also determined for this solution. Interestingly, we
also find that an emergent universe scenario is present with usual equation of state
in cosmology when the matter creation rate is chosen to be a constant. More general
class of emergent universe solutions are also discussed.
1 Introduction
The origin of cosmological entropy and material content filling the presently observed
universe is an outstanding issue in cosmology. There has been a lot of investigations to
uncover the mystery behind the creation of matter [1]-[13]. One of the early attempts was
made by Parker and coworkers[1, 2], where the possibility of the production of matter
quantum mechanically in the context of Einstein’s general theory of relativity was shown.
Another interesting approach was developed independently by Tyron [3] and Fomin [4].
Their hypothesis was that the universe has been created as a vacuum fluctuation if one
assumes that the net value of all conserved quantities (for example total energy) of the
universe is zero. Brout, Englert and Gunzig, later on proposed a model that could account
for a simultaneous generation of matter and curvature from a quantum fluctuation of the
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Minkowski spacetime vacuum [5]. However, although these models could account for
matter creation, they failed to provide the explanation for the production of entropy ac-
companying the process of creation of matter. The problem lies in the fact that Einstein’s
classical field equations and even semiclassical Einstein’s equations are purely adiabatic
and reversible and therefore fail to account for entropy production during matter creation.
The question of incorporating entropy burst along with creation of matter in the frame-
work of Einstein’s field equations was considered in depth by Prigogine et.al [11]. They
argued that production of matter can occur only as an irreversible process at the expense
of the gravitational field. The important aspect of this formalism is the introduction of
a balance equation for the number of created particles along with the field equations of
Einstein. The combination of this equation with the second law of thermodynamics yields
an additional negative pressure term which depends on the rate of matter creation. These
results were further generalized in [12] where provision for variation of specific entropy
was made through a covariant formulation.
The search for a singularity free inflationary model in cosmology has been another
prominent issue in this field. Recently, to avoid the timelike singularity, investigations
has been carried out to look for a universe which is ever existing and large enough so
that the spacetime may be treated classically. This model is usually called an emergent
universe and has an almost static behaviour in the infinite past (t → −∞) and evolves
eventually into an inflationary stage [14]-[16]. Various models of emergent universe have
been proposed in the literature. The most prominent ones are that of a closed universe
containing radiation and a cosmological constant [14] and a closed universe containing
a minimally coupled scalar field φ having a self-interaction V (φ) [15]. Another interest-
ing approach to arrive at an emergent universe scenario has been given in [17]. Here, a
mixture of matter and exotic matter are prescribed by an equation of state (EOS). The
analysis has been carried out in a flat universe which is in accordance with present cosmo-
logical observations. The emergent universe scenario in the presence of interacting fluids
have also been studied recently [18]. This picture have received considerable support from
other approaches too. An approach based on the holographic principle have been pro-
vided to study the emergence of space and cosmology in [19]. Further, analysis involving
the deformation of canonical commutation relations consistent with the existence of a
minimum length scale have shown that the big bang singularity can be avoided naturally
[20]-[22].
In this paper, we show that there exists an emergent universe solution to the Einstein’s
equations which allow for an irreversible production of matter from the gravitational field
ala Prigogine et.al [11]. We observe that such a solution exists (with the EOS proposed in
[17]) when the ratio of the phenomenological matter creation rate to the number density
times the Hubble parameter is a number (β) of the order of unity and independent of time.
We also determine the thermodynamic behaviour for the matter creation formulation
which leads to this emergent universe scenario and compare our results with [13] where
the thermodynamic behaviour was obtained with the standard EOS for a fluid. Finally,
we observe that an emergent universe scenario also exits with usual EOS in cosmology
when the matter creation rate is chosen to be a constant. Such a universe does not have
exotic matter unlike the earlier one. More general class of emergent universe solutions are
also found when the constant matter creation rate is augmented by a term proportional
to the Hubble parameter.
The paper is organized as follows. In the next section, we obtain emergent universe
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solutions to the Einstein’s equations allowing for irreversible creation of matter. We then
conclude in section 3.
2 Emergent universe scenario with matter creation
To begin with, we write down the Einstein equations for a flat universe in FRW metric
augmented by the balance equation for matter creation [11]
3
a˙2
a2
= ρ (1)
2
a¨
a
+
a˙2
a2
= −(p− pc) (2)
n˙
n
+ 3
a˙
a
=
ψ
n
(3)
where
pc =
ρ+ p
3nH
ψ (4)
and H = a˙/a is the Hubble parameter. An overdot means time derivative and ρ, p, n
and ψ are the energy density, thermostatic pressure, particle number density and matter
creation rate. Let us also introduce the dimensionless and in general time-dependent
parameter
β(t) =
ψ
3nH
; β ≥ 0 (5)
in order to measure the effects of the matter creation rate ψ.
In the subsequent discussion, we shall consider two EOS(s). We shall first consider the
EOS proposed in [17]
p(ρ) = Aρ−Bρ 12 (6)
where A and B are constants and the energy density ρ may have different components,
each satisfying its own equation of state.
Making use of eq.(s)(1, 2, 6) and eq.(s)(4, 5), we obtain
2
a¨
a
+ {(1 + 3A)− 3(1 + A)β(t)} a˙
2
a2
−
√
3B[1− β(t)] a˙
a
= 0. (7)
Assuming β to be a constant [13], this equation can be easily integrated to give
a(t) = c1
{
c+
√
3(1 + A)
B
e
√
3
2
B(1−β)t
} 2
3(1+A)(1−β)
(8)
where c and c1 are constants of integration. It is important to observe that the solution
describes an emergent universe for B > 0, (1+A) > 0, β < 1 and c, c1 > 0. The restriction
on β to be time independent and less than unity comes out naturally in order to have
an emergent universe scenario1. Also, the above result matches with the result in [17] for
β = 0 which corresponds to no particle production.
1Matter creation models with β < 1 has also been considered in [13].
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To investigate the possible composition of the emergent universe with particle production,
we first study the dependence of the energy density on the scale factor. To proceed, we
consider the energy conservation equation (which follows from eq.(s)(1, 2))
ρ˙+ 3(ρ+ p− pc) a˙
a
= 0. (9)
Making use of eq.(s)(4) and (6), we obtain the following differential equation for ρ :
ρ˙+ 3
{
(1 + A)ρ−Bρ1/2
}
(1− β) a˙
a
= 0. (10)
This can be integrated to give
ρ(a) =
1
(1 + A)2
{
B +
K
a3(1+A)(1−β)/2
}2
(11)
where K is an integration constant. Note that K should be negative and this can be seen
readily by computing the Hubble parameter for the emergent universe solution (8):
H =
e
√
3
2
B(1−β)t
c+
√
3(1+A)
B
e
√
3
2
B(1−β)t
. (12)
The above expression goes to zero in the limit t → −∞ and therefore (from eq.(1)) the
energy density ρ also vanishes in this limit. This implies that K must be negative.
One can also write ρ as a function of n by writing eq.(10) in the following form
ρ˙
(1 + A)ρ−Bρ1/2 + 3
a˙
a
=
ψ
n
. (13)
Comparing the left hand sides of this equation and eq.(3), we get
ρ˙
(1 + A)ρ−Bρ1/2 + 3
a˙
a
=
n˙
n
(14)
which can be integrated to give
ρ(n) =
1
(1 + A)2
{
B +
n(1+A)/2
K ′
}2
(15)
where K ′ is an integration constant.
An equation connecting n as a function of a can also be obtained by solving eq.(3):
n(a) =
c2
a3(1−β)
(16)
where c2 is an integration constant.
Eq.(11) provides us the information about the components of energy density that lead to
an emergent universe. We can rewrite this equation as
ρ =
B2
(1 + A)2
+
2KB
(1 + A)2
1
a3(1+A)(1−β)/2
+
K2
(1 + A)2
1
a3(1+A)(1−β)
= ρ1 + ρ2 + ρ3 . (17)
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Substituting this expression in eq.(6), we obtain the pressure p to be
p = − B
2
(1 + A)2
+
KB(A− 1)
(1 + A)2
1
a3(1+A)(1−β)/2
+
AK2
(1 + A)2
1
a3(1+A)(1−β)
= p1 + p2 + p3 . (18)
Eq.(s)(17, 18) has the same form as the corresponding ones in [17] except the fact that the
matter creation rate measured by the parameter β appears in these equations explicitly.
This in turn implies that although the composition of the universe remains the same as
in [17], ρ2 scales with a
−3(1+A)(1−β)/2 and ρ3 scales with a−3(1+A)(1−β) showing once again
the role played by matter creation. The details of the composition of the universe are
presented in an appendix.
We now determine the thermodynamic behaviour of the matter creation formalism with
the EOS (6) which leads to the emergent universe solution. To proceed, we write down
the equation for the rate of variation of temperature T which reads [12]
T˙
T
=
(
∂p
∂ρ
)
n
n˙
n
. (19)
Using the EOS (6) and eq.(15), the above equation takes the form
T˙
T
=
{
A− (1 + A)BK
′
2(BK ′ + n(1+A)/2)
}
n˙
n
. (20)
This can be readily integrated to give
T
T0
=
(
n0
n
)(1−A)/2 {BK ′ + n(1+A)/2}
{BK ′ + n(1+A)/20 }
. (21)
Hence the relation between the temperature and number density is quite different than
the one which uses the standard “gamma-law” EOS p = (γ − 1)ρ [13]. It is easy to see
that the dependence (between temperature and number density) in [13] can be recovered
from the above result by putting B = 0.
We can also obtain the relation between the temperature and scale factor from eq.(s)(21,
16):
T
T0
=
(
a0
a
)3A(1−β) {BK ′a3(1+A)(1−β)/2 + 1}
{BK ′a3(1+A)(1−β)/20 + 1}
. (22)
This relation also differs from the temperature law given in [13].
We now carry out the investigation using the usual EOS employed in cosmology
p = Aρ . (23)
Once again making use of eq.(s)(1, 2, 23) and eq.(s)(4, 5), we obtain
2
a¨
a
+ {(1 + 3A)− 3(1 + A)β} a˙
2
a2
= 0. (24)
Choosing the matter creation rate ψ to be of the form [23]
ψ = 3nζ ; ζ > 0 (25)
5
where ζ is a constant, fixes β (using eq.(5)) to be
β =
ζ
H
. (26)
The above equation can then be integrated to give
a(t) = e′′
{
e′ +
1
ζ
e
3
2
(1+A)ζt
} 2
3(1+A)
(27)
where e′ and e′′ are constants of integration. It is important to observe that the solution
describes an emergent universe for (1 +A) > 0 and e′, e′′ > 0. The above analysis reveals
that one can obtain an emergent universe solution in the matter creation formalism with
usual composition of matter (i.e. without exotic matter).
As before, one can once again work out the relation between ρ and a. To do this, we use
eq.(s)(10, 4) and (23) to obtain the following differential equation for ρ :
ρ˙+ 3(1 + A)ρ
a˙
a
= 3(1 + A)ζρ. (28)
Integrating this equation yields
ρ(a) =
c′e3(1+A)ζt
a3(1+A)
(29)
where c′ is an integration constant. Solving eq.(3) with ψ given by eq.(25) gives
n(a) = c′′
e3ζt
a3
(30)
where c′′ is an integration constant. This in turn (using eq.(29)) leads to the following
relation between ρ and n :
ρ(n) = k′n1+A (31)
where k′ is a constant. Note that eq(s)(29, 30, 31) are quite different in form than eq(s)(11,
16, 15) obtained using the EOS (6).
It is also possible to obtain more general class of emergent universe solutions by choosing
the matter creation rate ψ to be of the form
ψ = 3n(ζ + αH) ; α ≥ 0 . (32)
This fixes β (using eq.(5)) to be
β =
ζ
H
+ α . (33)
Eq.(24) can then be integrated to give
a(t) = e′′
{
e′ +
(1− α)
ζ
e
3
2
(1+A)ζt
} 2
3(1+A)(1−α)
. (34)
The solution describes an emergent universe for (1 +A) > 0, α < 1, ζ > 0 and e′, e′′ > 0.
6
3 Conclusions
In this paper, we have shown the existence of an emergent universe scenario to the matter
creation formulation of Prigogine et.al [11] in the framework of Einstein’s equations. The
solution is therefore compatible with the production of entropy accompanying the matter
creation process at the expense of the gravitational field. We analyse two cases. Consid-
ering the EOS proposed in [17], we find that the emergent universe scenario exists when
the ratio of the phenomenological matter creation rate to the number density times the
Hubble parameter is a number β less than unity and independent of time. The physical
content of the universe from this solution remains the same as in [17] except that the pa-
rameter β (which is a measure of the matter creation rate) appears in the scaling relations
between the energy density and the scale parameter. The thermodynamic behaviour for
the matter creation formulation with this EOS is also determined. We then consider the
usual EOS in cosmology. Interestingly, such an EOS admits an emergent universe solution
of Einstein’s equations in the matter creation formalism when the matter creation rate
is chosen to be a constant. The composition of this universe in this case does not have
exotic matter unlike the one obtained using the EOS proposed in [17]. We also discuss
more general class of emergent universe solutions with the usual EOS. As a future work,
it would be interesting to extend our analysis in the presence of interacting fluids.
Appendix
We present two entries in the table below to identify the components from eq(s)(17, 18)
for ρ and p. The first term in these equations behaves like a cosmological constant and
may account for dark energy. The physical content of the other two terms are listed in
the table.
Table 1.
A ρ2
Λ
in unit K
B
ω2 =
A−1
2
ρ3
Λ
in unit (K
B
)2 ω3 = A Composition
1
3
9
8a2(1−β) −13 916a4(1−β) 13 dark energy,
exotic matter and radiation
−1
3
9
2a1−β −23 94a2(1−β) −13 dark energy
exotic matter and cosmic strings
Table 1: Composition of universal matter for various values of A
We observe that the matter creation rate measured by the parameter β modifies the
exponent of the scale factor a.
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